We report here a possible detection of weak pulsed radio emission from Geminga on 1997 June 19, as evident from the observed power spectrum and the folded pulse pro®le. The observations were made with the Rajkot radio telescope at 103 MHz. Our observations show the presence of an average pulse strength at about 1 Jy level, with a pulse period of 237.10 ms and an interpulse of comparable intensity at 0.5 phase.
I N T R O D U C T I O N
Geminga is an enigmatic object. It was ®rst discovered as a prominent gamma-ray source in 1975 and the X-ray detection followed soon after (see Bignami & Caravco 1996 and references therein). However, it was only in 1992 that its true nature as a pulsar with a 237-ms period became clear, ®rst from the X-ray data and then in gamma-rays (Halpern & Holt 1992; Bertsch et al. 1992 ). These high-energy observations from Geminga indicated it to be a rather stable pulsar, the timing history of which can be traced back more than 20 years through its g-ray observations. MayerHasselwander et al. (1994) gave accurate timing information from EGRET data: P 237:0974531 ms, Ç P 1:0976´10 À14 s s
À1
(T 0 1991 May 24). Subsequent efforts to detect pulsed emission at optical and radio wavelengths persistently yielded negative results. (see Bignami & Caravco 1996 and the references therein). The radio quietness is more of a concern as this is the only example where not only was a pulsar ®rst discovered at electromagnetic bands other than radio but also it has remained without any subsequent radio emission detection. Since Geminga appears to be one of the nearest pulsars to Earth among all presently known pulsars, one could then conclude that the intrinsic radio emission from it, if any, must be very weak and/or very erratic. Only recently have there been a few reports in the literature of a weak detection at radio wavelengths with a claim to about 0.1 Jy pulsed emission from this object at 102 MHz (Kuzmin & Losovksy 1997a,b; Malofeev & Malov 1997) . However, the poor signal-to-noise ratio in these reported events makes it still desirable to have further independent con®rmation. The explanation of why Geminga is not a radio pulsar was attempted by Bignami, Caraveo & Lamb (1983) in terms of its beaming geometry. Because different production mechanisms produce radiation in different energy domains, the beaming geometry could differ as well. Halpern and Ruderman (1993) proposed a heavily inclined dipole model in which radio emission is quenched by the starward¯ow of enough e 6 pairs, produced in the inner magnetosphere from the gamma-rays emitted in the outer magnetosphere accelerator. However, as now there are a few reports of detection of radio pulses from Geminga (Kuzmin & Losovksy 1997a,b; Malofeev & Malov 1997; Vats et al. 1997; this paper) where the pulses may show a dramatic variation in radio intensity and even an interpulse is seen, a fresh look at some of these theoretical models may be required. Here we report the observations made by us using the Rajkot radio telescope and discuss their implications for existing models of the Geminga pulsar.
O B S E RVAT I O N S
We have been monitoring the sky position of Geminga intermittently over the last few years for detecting any pulsed radio emission at 103 MHz, but without any apparent success. On 1997 June 19, however, the power spectrum showed a peak at about 8.45 Hz, which could be a possible detection of pulsed radio emission from this anomalous object. The observations were made with the Rajkot radio telescope, situated at a location (longitude 70.78 E, latitude 22.38 N) in the western part of India. The telescope is a transit instrument, consisting of 1024 dipoles spread over a 5000 m 2 area. The telescope, designed in the 1970s, basically for interplanetary scintillation (IPS) studies, operates at a centre frequency of 103 MHz, with a bandwidth of 1.6 MHz. The wide east±west beam (88) of the telescope allows an object near the meridian to be studied for about 30 min, and the north±south pointing is done using the phased array technique. The sampling time interval is ®xed at 48 ms, with a receiver time constant of 100 ms. Geminga (0615+178) crosses the meridian at Rajkot very close to the zenith point and was therefore an ideal object that could be investigated at Rajkot with the transit instrument. As the telescope was still being used mainly for IPS studies, we could only obtain about half an hour of telescope time daily, as a stop-gap arrangement between two successive IPS observations. Furthermore, as there were no Mon. Not. R. Astron. Soc. 302, L65±L67 (1999) q 1999 RAS * E-mail: vats@prl.ernet.in (HOV); asingal@prl.ernet.in (AKS) previous known records of radio emission from Geminga reported elsewhere in the world, it was thought not very prudent to make modi®cations to the present receiver system at this stage and thereby disturb the IPS observations by a change in the receiver system. Therefore for the time being we have used the IPS observational setup without making any changes in the receiver time constant, introducing a faster sampling rate or dividing the bandwidth into multiple channels. As the dispersion measure from Geminga is expected to be small, because it is presumably one of the nearest pulsars to Earth (Malofeev & Malov 1997 recently gave a DM value of 2.9 pc cm À3 ), it may not have seriously affected our observations, which are presently aimed only at detection.
Our observations, lasting for about half an hour, showed an average pulse emission of about 1 Jy. The power spectrum is shown in Fig. 1 . An unmistakable peak is seen at ,8.45 Hz, corresponding to a pulse period of 118.5 ms. This value is exactly half of the pulse period seen in g-rays and X-rays. It may imply that in addition to the main pulse at a period of 237.10 ms there is an interpulse of comparable intensity at 0.5 phase. Here we point out that while most of the other workers who have tried to detect Geminga have drawn a complete negative result, even when going to much more deeper levels than ours, it is important to note that the type of radio emission detected by us is not found to be at a steady level. Out of hundreds of days of observations, spread over more than a year of observations, it is only on one occasion that a signature of the pulsar has been seen in its power spectrum and folded pulse pro®le. No such peak in the power spectrum has been seen in any of our previous observations or even on any subsequent dates, and this remains the only event among many months of observations that has shown any positive signal at ,95 per cent con®dence level. We even tried to superimpose many other days of power spectrum data, but no other positive signal has been seen on these superimposed plots. This may indicate that the pulsed radio emission from Geminga may not be at a steady level and that, at metre wavelengths at least, it may be highly variable. It may not, therefore, be very surprising that many other attempts at many observatories around the world have had negative results even at much deeper levels. The fact that we have carried out the daily monitoring of this object for hundreds of days might have been the factor that enabled us to make a fortuitous detection on 1997 June 19. It may also, perhaps, not be a mere coincidence that the other reported detection of radio pulses from Geminga is also at 102 MHz, which could imply that the emission from this enigmatic object peaks sharply at around 100 MHz. Fig. 2 shows the average pulse pro®le we obtained after folding the data. The folding was done using the precomputed pulsation period and its derivative as known from g-ray observations. The results of folding are shown in Fig. 2(a and an interpulse at 0.5 phase. As the interpulse is of almost the same intensity as the main pulse, folding at half the period, ,118.552 ms, is displayed in Fig. 2(b) , which shows a single peak. The average¯ux of the pulsar is calculated from these observations to be ,1 Jy. It should be noted that the peaks in the folded pro®les disappear as we vary the folding period by less than a hundredth of a ms from the above period values.
Different groups at Pushchino Radio Astronomy Observatory give varying opinions about the relative strength of pulse and interpulse from their data of Geminga recorded at 102.5 MHz. Malofeev & Malov (1997) reported no interpulse whereas Kuzmin & Losovksy (1997b) indicated a weak interpulse at 0.5 phase. Thus it appears that while the average pulse emission from Geminga may be varying, the interpulse at times may go below the detection limit (or may altogether be missing) even when the main pulse is visible.
D I S C U S S I O N
In pulsar radiation models, normally one has to explain the presence of radio emission from a pulsar, originating perhaps at various distances in its magnetosphere above the surface of the underlying neutron star. However in the case of Geminga the problem has been the opposite; here attempts were needed to explain the absence of radio emission. As mentioned earlier, there have been a few theoretical models proposed to explain this anomaly in the form of a complete absence of detectable radio emission from Geminga. However now, with the pulsed radio emission reported here and in some other recent reports, at least some modi®cations may be required in these theoretical models. Bignami et al. (1983) ascribed the absence of radio pulses to the difference in beaming geometry at different wavebands which might make the radio beam miss the line of sight to an observer on Earth even though the g-ray and X-ray beams may still be visible. Halpern & Ruderman (1993) argued that the 1808 separation of pulse and interpulse and the high-ef®ciency g-ray emission suggests a highly inclined dipole, however the single-peaked nature of the soft and hard X-ray pulses might in addition require a surface magnetic ®eld geometry that includes an off-centre dipole. The earlier reported lack of radio pulses was explained by Halpern & Ruderman as resulting from the production of enough e 6 pairs in the inner magnetosphere to quench the radio emission that would otherwise form there. These e 6 pairs are probably produced by the g-rays from the outer magnetosphere. Results presented here of radio pulses observed with a variable character can still be explained within this model by a hypothesis that the quenching process at times may fail to reduce the radio emission signi®cantly or that e 6 pair production itself gets suppressed. The presence of an almost equally strong radio interpulse at 0.5 phase implies that the dipole is almost orthogonal to the rotation axis, but it may raise doubts about the off-centre dipole hypothesis. In view of this new evidence of radio emission from Geminga, and to understand this enigmatic object, plans for simultaneous observations at radio, X-ray and g-ray wavelengths are needed, which of course may not be an easy task if the pulsed radio emission from this object occurs only rarely. It may nevertheless still be interesting to investigate whether the appearance of detectable radio emission from Geminga is associated with any signi®cant changes in g-ray emission, especially from the point of view of pair production and the quenching of radio emission.
